Technologies capable of fabricating complex shaped silicon metasurfaces attract increasing attention. The focused ion beam fabrication technique is considered traditionally as causing thick damaged layers in silicon resulting in a significant rise of the optical absorption loss. We examine the structure of the FIB-fabricated nanostructures on the silicon-on-sapphire (SOS) platform and its optical characteristics before and after thermal oxidation. We show that being thermally oxidised the FIB-patterned silicon subwavelength nanostructure tends to regain its chiral optical features. The impact of the oxidation process on the silicon nanostructure optical behaviour is discussed.
Introduction
Nanoscale patterning of metals and semiconductors gives rise to fundamentally new functional optical properties. In particular, complex-shaped metasurfaces demonstrate an outstanding degree of optical chirality, feature sophisticated spectral behaviour and exhibit the extreme values of the optical activity and circular dichroism (see Gorkunov et al., 2014; Wu et al., 2014) . The optical properties of such nanostructures are determined by their unit cell shape, size and alignment (Rogov et al., 2015; Kondratov et al., 2017) . Focused ion beam (FIB) technique allows precise fabrication of complex shaped silicon nanostructures, which, however, exhibit unacceptably strong light absorption diminishing their optical application potential. This complication can be caused by a variety of factors, including the changes in the silicon crystal structure and, specifically, the formation of a damaged layer (see Rubanov & Munroe, 2004; Hopman et al., 2007; Schilling et al., 2007; Langridge et al., 2014) . We suggest a fabrication and annealing approach that drastically reduces the damaged layer impact and improves the optical behaviour of the silicon metasurface.
Experiment and discussion
The nanostructured arrays were fabricated with a FEI 'Scios' Dual Beam system in a single crystal silicon (c-Si) film on sapphire. The period of the nanostructure was set to 370 nm to avoid visible light diffraction (Fig. 1A) , and the milling was controlled by the digital template generated as a numbers set of x-, y-coordinates and the FIB exposure time (dwelltime parameter), which delimits the milling depth.
To preserve the fabrication quality, the FIB has to be used at a magnification that ensures the real ion beam spot area to be larger than the area corresponding to 1 px. Thus, the nanostructuring patterns consisted of single elements allocated periodically including the additional gap in between to reduce the influence of redeposition. For this kind of structures, the circular patterning areas of 3500 px corresponded to the real size of the structure of 68 µm. For every 3D chiral element, the milling started from the centre of a unit cell and proceeded towards its outer boundary, milling the element step-by-step. This sequence is repeated until the whole array is fabricated. As a result, the real unit cell shape is more likely to follow the 3D model programmed in the stream file. To maintain the milling quality over large fabrication times up to 2 h, the 0.1 nA FIB current was selected.
To improve the fabricated nanostructures optical performance in the visible, we employed the thermal oxidation technique. To ensure the surface purity before the sample was oxidised, it had been subject to the ex situ plasma mixture of 50% argon and 50% nitrogen cleaning for 1 h in the EDEN 1070 'NanoClean' at a chamber pressure ß10 −6 mbar. The sample was then annealed for 30 min in dry air at 1100°C which corresponds to the final SiO 2 thickness of ß75 nm. The timing was selected according to the Massoud silicon oxidation model (see Massoud et al., 1985) . The subsequent SEM studies of the sample cross section (see Fig. 1B ) have confirmed the formation of the silicon oxide layer. The SEM samples were first subjected to the Pt-deposition performed in two stages. First, the electron-beam induced deposition was completed at 8 kV and 0.8 nA to cover the structure with a platinum protection layer. Second, the platinum layer was deposited with FIB at 300 pA and 30 kV to finalise the protection layer.
For the SEM imaging, a special T2 in-lens detector was utilised yielding high contrast between the layers of the fabricated nanostructure, and the specimen bias of -20 V was applied (Figs. 1A, B) . Evidently a transmission electron microscopy imaging and energy dispersive analysis are required to examine the fabricated specimen extraordinary contrast regions and their sophisticated structure.
To confirm the observability of the damaged layer transformation after the thermal oxidation, we performed a STEM imaging with FEI 'Osiris' of the fabricated nanostructures cross sections before and after the thermal oxidation process. Notably, the damaged layers created during FIB preparation of lamella were reported to affect subsequent TEM analysis. This is due to the ß30 nm amorphous damaged film formation on both sides of the cross-sectional sample subsequently limiting the contrast capabilities of the high-resolution imaging.
The image taken before annealing (Fig. 2) had indicated the presence of a thick gallium implanted layer of damaged silicon (d-Si) 50-70 nm above the surface of the nanostructure, as well as allegedly amorphous silicon inclusions at the boundary of c-Si and the deposited platinum layer. In Figure 2 orange lines are put to separate the layers from the background image artefacts that are in fact a part of the neighbour unit cells (shifted regions with similar shape and weak contrast). Energy dispersive spectroscopy (EDS) line scan analysis along the cross-section profile confirms the galliumimplanted bottom regions of the hollows between the elevated areas of silicon, as shown in Figure 2 and in between the points A and B in Figure 3 . The EDS selective mapping (Figs. 4A-C) shows the gallium location in the nanostructure. One can clearly see the damage induced by the 30 kV Ga + ions on the single crystal silicon layer subject to the selective FIB milling.
STEM imaging of the thermally oxidised nanostructures revealed a substantial change in the layer composition, as well as the minor shape modifications. As shown in Figure 5 , the gallium-damaged layer was transformed into silicon oxide. The line scan analysis implies a substantial reduction of the gallium-implanted and amorphous silicon layers (Fig. 6 ). However, due to the second step of protection layer deposition performed with FIB prior to lamella extraction, gallium is still Fig. 6 . EDS line scan profile along the cross-section line in Figure 5 showing the SiO 2 layer between the points A and B. present in the oxide layer. The EDS mapping of the bottom regions (Figs. 7A-C) shows the formation of the oxide layer replacing the undesired FIB-damaged silicon. We suppose this being a result of the oxidation process which triggered the formation of a 65 nm silicon oxide layer by transforming the damaged silicon layers into silicon oxide. The spots localised in the centre of Figures 7(A) -(C) represent the voids occurred during annealing and subsequently filled with the Pt-deposition layer. The damage caused by the traces of Ga + ions resulting from the FIB ion source, was efficiently able to be reduced during the oxidation process (Givargizov, 1987; Xiao et al., 2013) .
As seen in Figure 5 the silicon oxide layer appears above the whole fabricated nanostructure. However, the oxidation process has preserved the point symmetry of the metasurface inner structure and the unit cells alignment, leaving up to 110 nm silicon layer virtually intact depending on the original structure geometry. This fact is crucial for the optical properties of the silicon metasurface due to the feature size of the array's elements.
Optical properties
Our optical experiments confirmed that the chiral silicon metasurfaces possess drastically higher visible transparency after the thermal oxidation process. The microspectropolarimetry of light transmitted through the FIB-patterned and then thermally oxidised nanostructures was carried out with a spectroscopic Uvisel 2 (Horiba Jobin-Yvon, Edison, NJ) ellipsometer. The optical measurements (see Fig. 8 ) of the sample demonstrated a significant increase in the transmission up to 0.5 in the visible for the linearly, as well as for the left (T R ) and right (T L ) polarised incident light. Figure 9 demonstrates a strong optical activity (20°) and circular dichroism (-0.3) occurred around the 575 nm wavelength. Thus the annealed structure truly combines high transparency with strong optical chirality in the visible range.
Conclusion
Being fabricated on the SOS platform, the complex shape chiral nanostructures possess crystal-grade hardness, have the chemical inertness of glass and are thermally stable up to 1100°C. We have shown how the degraded optical performance of FIB-patterned c-Si is triggered by gallium implantation during the fabrication process and the subsequent formation of the damaged silicon layers. Thermal oxidation has been confirmed to provide the fabricated metasurface with the desired optical features without a significant change in the shape or point symmetry. This makes the developed technique highly advantageous for the production of versatile dielectric meatsurfaces and metadevices based on complex 3D-shaped highly transparent c-Si nanostructures.
